
シミュレーションを用いた 
中性水素クラスタリングの探査

Rika Ando1 
Collaborators: Atsushi J Nishizawa1 

  Kenji Hasegawa1 
  Ikkoh Shimizu2 
  Kentaro Nagamine3 

1Nagoya University, 2NAOJ, 3Osaka University

SKA-Japanシンポジウム 2019 at NAOJ - September 3



/16large-scale clustering of HI with simulations

Contents

• Introduction 
- Accelerating universe & Large scale structure 
- 21-cm intensity mapping 
- N-body & Hydro-sim 

• PHI(k) from dark matter halo 
- ignoring IGM 
- Mhalo-MHI relation 
- random scatter

�2Intro method result



/16large-scale clustering of HI with simulations

Accelerating expansion of the Universe

�3Intro method result

credit: NASA/WMAP Science
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origin of accelerating expansion 
• dark energy 
• modified gravity
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BAO & RSD are probe of dark energy or modified gravity

Observe large-scale structure

�4Intro method

4 J.A. Peacock

of approximately 100,000 galaxies (see Colless et al. 2001 for details). A public
release of the full photometric and spectroscopic database is scheduled for July
2003.

Figure 3. The distribution of galaxies in part of the 2dFGRS, drawn
from a total of 213,703 galaxies: slices 4◦ thick, centred at declina-
tion −2.5◦ in the NGP and −27.5◦ in the SGP. This image reveals
a wealth of detail, including linear supercluster features, often nearly
perpendicular to the line of sight. The interesting question to settle
statistically is whether such transverse features have been enhanced by
infall velocities.

The Colless et al. (2001) paper details the practical steps that are necessary
in order to work with a survey of this sort. The 2dFGRS does not consist of
a simple region sampled with 100% efficiency, and it is therefore necessary to
use a number of masks in order to interpret the data. Two of these concern
the input catalogue: the boundaries of this catalogue, including ‘drilled’ regions
around bright stars where galaxies could not be detected; also, revisions to the
photometric calibration mean that in practice the survey depth varies slightly
with position on the sky. The most important mask, however, arises from the
way in which the sky is tessellated into 2dF tiles. The adaptive tiling algorithm
is efficient, and yields uniform sampling in the final survey. However, at any
intermediate stage, missing overlaps mean that the sampling fraction has fluc-
tuations, as illustrated in Figure 2. This variable sampling makes quantification
of the large scale structure more difficult, particularly for any analysis requiring
relatively uniform contiguous areas. However, the effective survey ‘mask’ can
be measured precisely enough that it can be allowed for in low-order analyses
of the galaxy distribution. Figure 2 shows the mask at an earlier stage of the
survey, appropriate for some of the first 2dFGRS analyses. The final database

Peacock et al. 2001

Large-Scale Structure expansion history

growth rate
Publications of the Astronomical Society of Japan (2016), Vol. 68, No. 3 38-17

Fig. 17. Constraints on the growth rate f (z)σ 8(z) as a function of redshift at 0 < z < 1.55. The constraint obtained from our FastSound sample at
1.19 < z < 1.55 is plotted as the big red point. The previous results include the 6dFGS, 2dFGRS, SDSS main galaxies, SDSS LRG, BOSS LOWZ,
WiggleZ, BOSS CMASS, VVDS, and VIPERS surveys at z < 1. A theoretical prediction for fσ 8 from "CDM and general relativity with the amplitude
determined by minimizing χ2 is shown as the red solid line. The data points used for the χ2 minimization are denoted as filled-symbol points while
those which are not used are denoted as open-symbol points. The predictions for fσ 8 from modified gravity theories with the amplitude determined
in the same way are shown as the thin lines with different line types: f (R) gravity model (dot-short-dashed), the covariant Galileon model (dashed),
the extended Galileon model (dotted), DGP model (dot-dashed), and the early, time-varying gravitational constant model (black solid). (Color online)

Fig. 18. Constraints on the growth rate fσ 8 as a function of redshift compared to the "CDM model with the best-fit models from the CMB exper-
iments. The data points are the same as those in figure 17. Theoretical predictions with 68% confidence intervals based on WMAP9 and Planck
CMB measurements are shown as the green and red shaded regions, respectively. The early, time-varying gravitational constant models with
Ġ/G = 3.5 × 10−11 [yr−1] and 7.0 × 10−11 [yr−1] are respectively shown as the blue and magenta lines. (Color online)

and VIPERS with zeff = 0.8. With this choice, all the
data points are uncorrelated except for the 2.1% corre-
lation between the CMASS and the higher-redshift bin of
the LRG (see Alam et al. 2016). Using the seven data
points of fσ 8, we compute the χ2 for theoretical predic-
tions of gravity theories including GR with the amplitude
of fσ 8 being a free parameter. The "CDM model plus
GR with the best-fit amplitude is shown as the solid line
in figure 17.

6.2 Modified gravity models

On the scales probed by large-scale structure surveys, the
growth rate f generally obeys a simple evolution equation
(Baker et al. 2014; Leonard et al. 2015):

f ′ + q(x) f + f 2 = 3
2

$mξ, (22)

where q(x) = 1
2

{1 − 3 w(x)[1 − $m(x)]} ; (23)
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FIGURE 6. Left panel (a): recent constraints from SNe, CMB anisotropy (WMAP5), and large-scale
galaxy correlations (SDSS BAO) upon the cosmological parameters w,Ωm (for a flat Universe with
constant w); Right panel (b): constraints uponΩm andΩΛ for the cosmological constant model (w=−1).
Statistical errors only are shown. From Kowalski et al. [40].

CONTINUING EVIDENCE FOR COSMIC ACCELERATION

While CMB and LSS measurements independently strengthened the evidence for an
accelerating Universe, subsequent supernova observations have reinforced the original
results, and new evidence has accrued from other observational probes. Here we briefly
review these recent developments and discuss the current status of our knowledge of
dark energy.

Recent Supernova Observations

A number of concerns were raised about the robustness of the first SN evidence for
acceleration, e.g., it was suggested that distant SNe could appear fainter due to extinction
by hypothetical grey dust rather than acceleration [41, 42]. Over the intervening decade,
the supernova evidence for acceleration has been strengthened by results from a series
of SN surveys. Observations with the Hubble Space Telescope (HST) have provided
high-quality light curves [43] and have extended SN measurements to redshift z ≃ 1.8,
providing evidence for the expected earlier epoch of deceleration and disfavoring dust
extinction as an alternative explanation to acceleration [44, 45, 46].
Two large ground-based surveys, the Supernova Legacy Survey (SNLS) [47] and the

w

Kowalski et al. 2008

Ωm

BAOw = pde
ρde
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21cm line intensity mapping

�5Intro method

SKA Organisation
Figure 23. 21 cm maps at 710 MHz with 1 MHz bandwidth over an area of ∼4 deg2. The upper and bottom pairs of panels show maps with angular resolutions of 3′
and 0 3, respectively. Within each pair, the top one was made in real space and the bottom in redshift space. The maps on the right column have been generated from
the computationally expensive IllustrisTNG simulations, while the maps on the left were generated by painting H I on top of dark matter halos from computationally
cheap N-body simulations using the ingredients studied in this paper.

29

The Astrophysical Journal, 866:135 (41pp), 2018 October 20 Villaescusa-Navarro et al.

Villaescusa-Navarro et al. 2018

21cm intensity map 中性水素(HI)からの21cm線は 
大規模構造の新たなトレーサー 

• wide area 

• wide range of redshift 

• high-frequency resolution

�Tb =
3

32⇡

hc3A10

kBmp⌫221

(1 + z)2

H(z)
¯⇢HI�HI

z ≤ 3

Δν ∼ 50kHz
SKA1-MID in wide band (t=10,000hrs) 
Red Book 2018
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theoretical framework for 21cm intensity mapping 

• HI bias  

• BAO peak scale 

• RSD 

Theoretical model of HI clustering

�6Intro method

bHI(k, z) = PHI−m(k, z)
Pm(k, z)

PHI(k, μ) = e−(kμfσv)2 b2
HI(1 + βμ2)2 Pm(k)

(~100h/Mpc)

582 JEONG & KOMATSU Vol. 691

Figure 12. Same as Figure 9, but for the MPA galaxy power spectrum (Mgalaxy).
(A color version of this figure is available in the online journal.)

Table 5
Nonlinear Halo Bias Parameters and the Corresponding 68% Interval Estimated from the Durham Galaxy Power Spectra

z b̃1 b̃2 P0 bL
1 bLL

1 bST
1 b̃ST

2
([h/Mpc]3)

6 3.73 ± 0.01 1.96 ± 0.03 288.39 ± 5.82 3.90 ± 0.04 3.90 ± 0.04 3.10 0.98
5 3.07 ± 0.01 1.26 ± 0.03 143.15 ± 4.81 3.15 ± 0.03 3.15 ± 0.03 2.55 0.56
4 2.57 ± 0.01 0.83 ± 0.03 78.97 ± 3.93 2.60 ± 0.02 2.61 ± 0.02 2.13 0.26
3 1.75 ± 0.01 −2.26 ± 0.04 604.65 ± 13.8 1.92 ± 0.02 1.93 ± 0.02 1.58 −0.11
2 1.36 ± 0.08 −2.14 ± 0.65 843.49 ± 331.4 1.49 ± 0.01 1.50 ± 0.01 1.19 −0.32
1 0.96 ± 0.11 −2.94 ± 1.62 2640.20 ± 960.32 1.18 ± 0.01 1.20 ± 0.01 0.91 −0.42

Notes.
z: redshift.
b̃1, b̃2, and P0: nonlinear bias parameters.
bL

1 : linear bias parameter for the linear bias model with the third-order matter power spectrum.
bLL

1 : linear bias parameter for the linear bias model with the linear power spectrum.
bST

1 , b̃ST
2 : nonlinear bias parameters calculated from the Sheth–Tormen model, b̃ST

2 = bST
2 /b̃1.

Caution. We estimate 1σ ranges for the low redshift (z ! 3) only for the peak which involves the maximum likelihood value. If two
peaks in the marginalized likelihood function are blended, we use only unblended side of the peak to estimate the 1σ range.

The high values of bias do not mean failure of PT. The PT
galaxy power spectrum model fails only when ∆2

m(k, z) exceeds
∼0.4 (Paper I), or the locality of bias is violated. Overall, we find
that the nonlinear bias model given by Equation (2) performs
well for halos and galaxies with all mass bins, provided that
we use the data only up to kmax determined from the matter
power spectra. This implies that the locality assumption is a
good approximation for k < kmax; however, is it good enough
for us to extract cosmology from the observed galaxy power
spectra?

5. COSMOLOGICAL PARAMETER ESTIMATION
WITH THE NONLINEAR BIAS MODEL

In the previous sections, we have shown that the third-order
PT galaxy power spectrum given by Equation (2) provides good
fits to the galaxy power spectrum data from the Millennium
Simulation.

However, we must not forget that Equation (2) contains three
free parameters, b̃1, b̃2, and P0. With three parameters it may
seem that it should not be so difficult to fit smooth curves like
those shown in, e.g., Figure 10.

580 JEONG & KOMATSU Vol. 691

Figure 9. Distortion of BAOs due to nonlinear matter clustering and nonlinear halo bias. All of the power spectra have been divided by a smooth power spectrum
without baryonic oscillations from Equation (29) of Eisenstein & Hu (1998). The error bars show the Millennium Simulation, while the solid lines show the PT
calculations. The dashed lines show the linear bias model with the nonlinear matter power spectrum, and the dot-dashed lines show the linear bias model with the
linear matter power spectrum. Therefore, the difference between the solid lines and the dashed lines shows the distortion solely due to nonlinear halo bias.
(A color version of this figure is available in the online journal.)

Table 4
Nonlinear Halo Bias Parameters and the Corresponding 68% Interval Estimated from the MPA Galaxy Power Spectra

z b̃1 b̃2 P0 bL
1 bLL

1 bST
1 b̃ST

2
([h/Mpc]3)

6 3.55 ± 0.01 1.70 ± 0.03 194.23 ± 4.45 3.67 ± 0.03 3.68 ± 0.03 3.10 1.03
5 2.93 ± 0.01 1.08 ± 0.03 94.08 ± 3.71 2.97 ± 0.03 2.98 ± 0.03 2.55 0.59
4 2.46 ± 0.01 0.68 ± 0.03 47.79 ± 2.84 2.47 ± 0.02 2.48 ± 0.02 2.13 0.28
3 1.69 ± 0.01 −2.12 ± 0.04 486.69 ± 12.7 1.83 ± 0.02 1.83 ± 0.02 1.58 −0.12
2 1.28 ± 0.08 −2.16 ± 0.64 738.22 ± 291.3 1.40 ± 0.01 1.40 ± 0.01 1.19 −0.34
1 0.89 ± 0.11 −2.97 ± 1.60 2248.35 ± 786.13 1.09 ± 0.01 1.10 ± 0.01 0.91 −0.45

Notes.
z: redshift.
b̃1, b̃2, and P0: nonlinear bias parameters.
bL

1 : linear bias parameter for the linear bias model with the third-order matter power spectrum.
bLL

1 : linear bias parameter for the linear bias model with the linear power spectrum.
bST

1 , b̃ST
2 : nonlinear bias parameters calculated from the Sheth–Tormen model, b̃ST

2 = bST
2 /b̃1.

Caution. We estimate 1σ ranges for the low redshift (z ! 3) only for the peak which involves the maximum likelihood value. If two
peaks in the marginalized likelihood function are blended, we use only unblended side of the peak to estimate the 1σ range.

bins in the same panel, and highlight the effects on BAOs at the
same time, we have divided the power spectra by a nonoscil-
lating matter power spectrum from Equation (29) of Eisenstein
& Hu (1998) with the best-fitting b̃2

1 from each mass bin mul-
tiplied. These figures show the expected results: the larger the
mass is, the larger the nonlinear bias becomes. Nevertheless,
the third-order PT calculation captures the dependence on mass
well, and there is no evidence for failure of the PT for highly
biased objects.

In Tables 6 and 7, we give values of the measured bias
parameters as well as the “predicted” values. For all redshifts
we see the expected trend again: the higher the mass is, the
larger the effective linear bias (b̃1) is. The same is true for b̃2
for z > 3, while it is not as apparent for lower redshifts, and
eventually becomes almost fuzzy for z = 1. Again, these are
probably due to the lack of statistics due to lower values of kmax
at lower z, and we need a bigger simulation to handle these cases
with more statistics.

Jeong & Komatsu 2009

peak scale shift

: non-linear bias

H
I b

ia
s

HI bias PHI(k) in redshift space
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theoretical framework for 21cm intensity mapping 

• HI bias  

• BAO peak scale 

• RSD 

large-scale clustering of HI 

- calculate approach  

- hydrodynamic simulation

Theoretical model of HI clustering

�7Intro method

bHI(k, z) = PHI−m(k, z)
Pm(k, z)

PHI(k, μ) = e−(kμfσv)2 b2
HI(1 + βμ2)2 Pm(k)

(~100h/Mpc)

← UVB, star formation, feedback
← computation cost
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assign HI on the center of the halo

Previous research - N-body simulation

�8Intro method

N-body 
simulation
dark matter

HI density 
map

Mhalo-MHI 
relation

FoF 
halo find

Sarkar et al. 2016, 2018 
Modi et al. 2019

Figure 15: BAO signal in real (solid lines) and redshift space (monopole, dashed) at various redshift
compared with the linear theory in real (gray dots) and redshift space (gray solid line): (Left) Ratio
of power spectrum to the “no-wiggle” template which is formed by smoothing with a Savitsky-Golay
filter. We have moved lines for di↵erent redshift vertically by 0.2 to enhance visibility. (Right)
Correlation function estimated by Hankel transform of the power spectrum, compared with linear
theory i.e. linear bias and Kaiser prediction in real and redshift space respectively. We have o↵set
lines for di↵erent redshift together vertically by multiples of 10 to enhance visibility.

spectrum with a Savitsky-Golay filter. This disentangles e↵ects like scale-dependent bias which leads
to only a smooth trend in P (k) and are hence removed by the broad-band division. It is clear from
Fig. 15 that the BAO peaks would be easily visible in the k-band probed by the upcoming 21-cm
surveys. Non-linear structure formation damps the BAO peaks and reduces the signal-to-noise ratio
for measuring the acoustic scale [52, 66–73]. Since the non-linear scale shifts to smaller scales at
high-redshifts, this damping is expected to be small. In Fig. 15 only the fourth BAO peak is slightly
damped at z = 2 as compared to linear power spectrum and no damping is visible at z = 6, in
accordance with the value of kNL at these redshifts.

Since the amount of damping is small at high redshifts and therefore quite di�cult to see in the
power spectrum, we also show the correlation function where the BAO signal appears as a single,
well-localized peak at the BAO scale ⇠ 100h�1Mpc. Since our purpose here is to only visually
assess the degree of peak broadening, we do not measure the correlation function on these scales via
pair-counting in the simulations, but compute it from the power spectrum measurement via Hankel
transform. For this purpose, we extrapolate the measurement on large scales with the linear power
spectrum and linear bias, and on small scales with a power-law.

The peak broadening over the linear theory prediction is more clearly visible in correlation space,
for both real and redshift space clustering, and it decreases significantly between redshift z = 2 and
4. While not shown here to maintain clarity of the figure, we find that the Zeldovich approximation
provides a good fit to the peak damping in the correlation function at all redshifts. As an aside,
we note that the real and redshift space signals at higher redshifts are closer than at low redshifts,
illustrating the decreasing e↵ects of redshift space distortions on the broadband due to the increasing
bias. Thus though the peak damping is slightly larger in redshift space than in real space at z = 2,
but this is no-longer (noticeably) the case at z = 6.

The BAO peak can be sharpened, or the high-k oscillations partially restored, by a process
known as ‘reconstruction’ [74]. Reconstruction is adversely a↵ected by modes lost to foregrounds and

– 20 –

Modi et al. 2019
H I bias 4315

Figure 3. The left panel shows the k dependence of the H I bias b(k) at six different redshifts, z = 6 − 1 (top to bottom) at an interval !z = 1. The shaded
regions show ±5 σ error around the mean value for three redshifts 6,3 and 1. The central panel shows the k dependence of both the biases, b(k) (line only) and
br(k) (line-point), at six different redshifts z = 6 − 1 (top to bottom) at an interval !z = 1. For z ≥ 4, the right panel quantifies the effect of a fixed minimum
halo mass which has a value Mmin = 109M⊙ in the low-resolution simulations. The figure shows the fraction difference in the bias b(k) relative to a HRS.

The left panel of Fig. 3 shows the behaviour of b(k), the modulus
of b̃(k), as a function of k at six different redshifts. We also show
the 5 σ confidence interval at three different redshifts. The relatively
small errors indicate that the results reported here are statistically
representative values. We see that the value of b(k) decreases with
decreasing redshift. Further, the k dependence is also seen to evolve
with redshift. In all cases, we have a constant k independent bias at
small k and the bias shoots up rapidly with k at large k (≥4 Mpc−1).
However, for high redshifts (z ≥ 3), b(k) increases monotonically
with k whereas we see a dip in the values of b(k) at k ∼ 2 Mpc−1

for z < 3. Interestingly, the k range where we have a constant
k independent bias is maximum at the intermediate redshift z = 3
where it extends to k ≤ 1 Mpc−1, and it is minimum (k ≤ 0.2 Mpc−1)
at the highest and lowest redshifts (z = 6, 1) whereas it covers k ≤
0.4 Mpc−1 at the other redshifts (z = 2, 4, 5).

The central panel of Fig. 3 shows both b(k) and br(k) which is
the real part of b̃(k). The two quantities b(k) and br(k) show similar
k dependence. Both b(k) and br(k) will be equal if the bias b̃(k) is a
real quantity. We see that this is true at small k where both quantities
have nearly constant values independent of k. However, we find a
k independent bias br(k) for a smaller range of k, in comparison
to b(k). The two quantities b(k) and br(k) differ at larger k, and
the differences increase with increasing k. The difference between
b(k) and br(k) is seen to increase with decreasing redshift. Also the
k value where these differences become significant shifts to smaller
k with decreasing redshift.

As already mentioned in Section 2, for z > 3.5, Mmin (equa-
tion 4) has a value that is smaller than 109 M⊙ which is the smallest
mass halo resolved by our simulations. Imposing a fixed lower halo
mass limit of 109 M⊙ will, in principle, change the H I bias b̃(k) in
comparison to the actual predictions of the halo population model
proposed by Bagla et al. (2010), and we have run higher resolution
simulation in order to quantify this. It is computationally expen-
sive to run several realizations of simulations with a smaller mass
resolution, so we have run a single realization with a halo mass
resolution of 108.1 M⊙ which is well below Mmin over the entire
redshift range of our interest. The right panel of Fig. 3 shows the
percentage difference in the values of b(k) computed using the low-
and the high-resolution simulations. We find that the difference is
minimum for z = 4 and maximum for z = 6 where we expect
a larger contribution from the smaller haloes. For k < 1.0 Mpc−1,
the difference is 5–8 per cent at z = 4 and 8–13 per cent at z = 6.

Beyond 1.0 Mpc−1, the difference increases but it is well within
20 per cent for redshifts 4 and 5 and less than 30 per cent for redshift
6. These differences are relatively small given our current lack of
knowledge about how the H I is distributed at the redshifts of inter-
est. It is therefore well justified to use the simulations with a fixed
lower mass limit of 109 M⊙ for the entire redshift range considered
in this paper.

Fig. 4 shows the redshift evolution of b(z) and br(z) at three
representative k values. At k = 0.065 Mpc−1 (left panel) which is
in the linear regime we cannot make out the difference between
b(z) and br(z) and this indicates that b̃(z) is purely real. We find
that the bias b(z) has a value that is slightly less than unity at z = 1
indicating that the H I is slightly anti-biased at this redshift. The bias
increases nearly linearly with z and it has a value b(z) ≈ 3 at z = 6.
At k = 0.45 Mpc−1 (central panel) where we have the transition
from the linear to the non-linear regime we find that b(z) is slightly
larger than br(z). Both b(z) and br(z) show a z dependence very
similar to that in the linear regime. At k = 2.2 Mpc−1 (right panel)
which is in the non-linear regime we find that br(z) is appreciably
smaller than b(z), and the difference is nearly constant over the entire
z range. This indicates that the H I bias b̃(z) is complex in the non-
linear regime. Further, we see that the relative contribution from
the imaginary part of b̃(z) increases with decreasing z. The value
of br(z) is less than unity for z ≤ 2, whereas this is so only in the
range z ≤ 1.5 for b(z). The redshift dependence of the bias is much
steeper as compared to the linear regime, and we have a larger value
of b(z) ≈ 5 at z = 6. We find a nearly parabolic z dependence in the
non-linear regime as compared to the approximately linear redshift
dependence found at smaller k. At all the three k values we have fitted
the redshift evolution of b(z) and br(z) with a quadratic polynomial
of the form b0 + b1z + b2z

2. We find that the polynomials give a very
good fit to the redshift evolution of the simulated data (Fig. 4). We
also find that the quadratic term b2 is much larger at k = 2.2 Mpc−1

as compared to the two smaller k values. Based on these results, we
have carried out a joint fitting of the k and z dependence of the bias,
the details of which are presented in the next section.

3.1 Fitting the bias

We have carried out polynomial fitting for the k dependence of the
bias (Fig. 3). The fit was carried out for redshifts in the range z = 1
to 6 at an interval of !z = 0.5. We find that a linear function of

MNRAS 460, 4310–4319 (2016)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/460/4/4310/2609038 by N
agoya U

niversity user on 16 M
ay 2019

Sarkar et al. 2016

はたして本当に正しく PHI(k) を再現できている? 

• HI in the IGM  

• density profile inside the halo 
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This work - compare PHI(k) using hydro-sim

• large-scale + high-resolution hydro → future work 

• check & explore the HI placement methods  
using cosmological hydrodynamic simulation

�9Intro method result

Nelson et al. 2019, Villaescusa-Navarro et al. 2018
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IllustrisTNG300-3 

• Lbox=205Mpc/h, Np=2*5123 

• uniform UV background 

• Mhalo > ~1010 Msun/h
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This work - compare PHI(k) using hydro-sim

• large-scale + high-resolution hydro → future work 

• check & explore the HI placement methods  
using hydro-sim (IllustrisTNG300-3: Lbox=205Mpc/h, Np=2*5123) 

�10Intro method result

PHI,all (k)

PHI,halo (k)

Nelson et al. 2019, Villaescusa-Navarro et al. 2018

HI

dm HIhalo

@ z=3
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Use only gas particles belonging to the FoF-halo 

�11Intro method result

→ IGM contributions to PHI(k) can be ignored

colored points: gas particles in halo 
gray points: other gas particles

ignoring IGM

δHI,halo =
ρHI,halo
ρHI,all

− 1

※ 99% of total HI mass is in the halo

particles in the halo only

all gas particles
違
い
の
割
合
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HI gas as a point source - ignoring density profile

�12

halo

HI mass

simulation box

cf. grid size: 0.8 Mpc/h 
Rmax = 0.76Mpc/h

→ power on small scale is enhanced

ignoring IGM 
& profile

Intro method result

point

profile
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Mhalo-MHI relation

�13

MHI(M, z) = M0 ( M
Mmin )

α

exp (−(Mmin/M))
Villaescusa-Navarro et al. 2018

fitting function

• 関数形が悪い ?  

• 大きな分散

Intro method result
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Assign HI using fitting function

�14

MHI(M, z) = M0 ( M
Mmin )

α

exp (−(Mmin/M))

difference is about 10%

M0    = 0.419*1010 
Mmin = 16.4*1010 

α       = 0.334

best-fit params

Intro method result

point

over-estimate

under-estimate

preliminary
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Consider random scatter

�15

ランダムな分散を考慮しても大きな改善は見られず、 
P(k)の振幅が大きくなった

Intro method result

w/o scatter

w/  scatter

preliminary
?
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Summary

motivation: 21cm線観測に向けた理論モデルの構築 

method: ハローを用いた手法によりPHI(k)が再現できるか検証 

IGM中のHIやハロー内部のHIの密度プロファイルを 

無視する操作の影響を確認した 

→ IGMに存在するHIはほとんど無視できる 

→ Mhalo-MHIをfitした関数ではPHI(k) を約10%過小評価

�16Intro method result


